INTRODUCTION
The ohmic c o n t a c t s p r e s e n t l y used f o r comm e r c i a l l y a v a i l a b l e GaAs f i e l d e f f e c t t r a n s i s t o r s t y p i c a l l y show island formation, or balling-up, on t h e s u r f a c e . P r o b l e m s w i t h p a r t i c l e p r e c i p i t a t i o n and solid phase formation in these contacts have recently been discussed (1) . I t has been pointed out (2, 3) that certain advantages could be reali z e d i f t h e ohmic contacts were formed by a thinf i l m epitaxial process. These advantages include a v o i d i n g d e l e t e r i o u s m e t a l l u r g i c a l e f f e c t s r e s u l ti n g f r o m s h o r t c r i t i c a l a l l o y i n g times and improved h e a t s i n k i n g i f t h e e p i t a x i a l l a y e r s a r e s u f f ic i e n t l y t h i n . S t r a i n s i n t h e c o n t a c t , a s d e t e c t e d both with In-Ge-Ag ( 4 ) and Ni-Ge-Au (5) contacts, which r e s u l t i n c r a c k i n g and enhanced d i f f u s i o n , can be avoided i f t h e e p i t a x i a l l a y e r h a s t h e same c r y s t a l s t r u c t u r e a s GaAs and has nearly the same l a t t i c e c o n s t a n t and thermal expansion coefficient.
I n t h i s p a p e r we r e p o r t t h e development of ohmic contacts to n-type GaAs s t a r t i n g w i t h a n e p i t a x i a l f i l m of Ge. Germanium was s e l e c t e d because of i t s c l o s e l a t t i c e match t o GaAs and because i t h a s n e a r l y t h e same thermal expansion c o e f f i c i e n t ( 6 ) . S t a r t i n g w i t h a n e p i t a x i a l Ge f i l m a s s u r e s t h e p r e s e n c e of a s i n g l e -c r y s t a l l a y e r , i n c o n t r a s t t o a t t e m p t i n g t o c o n t r o l growth of an e p i t a x i a l l a y e r i n a regrown region a t t h e GaAs s u r f a c e . T h i s s i n g l e -c r y s t a l l i n e Ge f i l m a l s o a c t s a s a b a r r i e r between t h e GaAs and polyc r y s t a l l i n e m e t a l o v e r l a y e r s , t h u s p r e v e n t i n g r a p i d d i s s o l u t i o n of t h e GaAs s u r f a c e by i m p u r i t i e s d i ffusing through grain boundaries. In addition, the absence of g r a i n b o u n d a r i e s s h o u l d r e s u l t i n a more uniform doping of t h e i n t e r f a c e , t h u s a s s u r i n g a more u n i f o r m d i s t r i b u t i o n i n t h e c u r r e n t d e n s i t y emitted from the contact. Nickel was s e l e c t e d a s the metal overlayer because of i t s o v e r a l l compati b i l i t y w i t h Ge and GaAs. Reference to the binary phase diagrams indicates that no liquid ghase or e u t e c t i c f o r m a t i o n i s expected below 736 C . This allows a high temperature annealing process t o form t h e ohmic c o n t a c t by s o l i d s t a t e d i f f u s i o n , t h u s avoiding wetting problems and phase segregation which frequently occur when a liquid phase i s prese n t d u r i n g a l l o y i n g of t h e c o n t a c t .
OHMIC CONTACT FABRICATION pm t h i c k e p i t a x i a l GaAs Te-doped t o 1 . 1~1 0 " cm" which had been grown on 2' off (100) semii n s u l a t i n g ( S I ) GaAs wafers. The apparatus used f o r growing t h e e p i t a x i a l Ge f i l m s was similar t o t h a t d e s c r i b e d by Davey (7) for growing epitaxial Ge on Ge s u b s t r a t e s . E p i t a x i a l Ge f i l m s grown on GaAs s u b s t r a t e s by vacuum evaporation have previously been reported by Ryu and Takahashi-<(8), who a c h i e v e d e p i t a x i a l gro;th on (111) and (111) G a A s a t t e m p e r a t u r e s of 800 C and above, and by Davey ( 9 ) on (100) S I G a A s a t temperatures as low as 35OoC. I n t h e p r e s e n t c a s e , t h e GaAs wafers were cleaned by a standard method, placed in an ion pumped vacuum system, and heat d
t o 575OC f o r 15 minutes a t a p r e s s u r e of ZxlO-' t o r r t o d e s o r b s u r f a c e o x i d e s p r i o r t o t h e
Ge deposition. Examin a t i o n of G a A s s u r f a c e , p r e p a r e d a s d e s c r i b e d , by Auger electron spectroscopy (AES) b e f o r e a n d a f t e r oxide desorption showed t h a t t h e oxygen content of t h e s u r f a c e is reduced by a f a c t o r of approximately 2.5 times. A f t e r d e s o r p t i o n of s u r f a c e g x i d e s , t h e s u b s t r a t e t e m p e r a t u r e was lowered t o 425 C and Ge was d e p o s i t e d t o a t h i c k n e s s of 1000 x by e l e c t r o n beam evaporation a t r a t e s between 3 and 1 2 x / s e c . R e f l e c t i o n e l e c t r o n d i f f r a c t i o n (RED) of t h e a s deposited Ge layers revealed the presence of high q u a l i t y ( 1 0 0 ) o r i e n t e d s i n g l e -c r y s t a l l i n e films, a s shown i n F i g . 1. The l a y e r e d s t r u c t u r e was comp l e t e d d u r i n g t h e same pump down by e l e c t r o n beam
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Examination of the as deposited N i s u r f a c e by RED showed t h e N i layer to be polycrYst a l l i n e w i t h a strong (111) preferred orientation.
SPECIFIC CONTACT RESISTANCE
5OO0C must be used to form low s p e c i f i c o n t a c t r e s i s t a n c e cont a c t s . A v a l u e of 3x10-' cm2 was o b t a i n e d a f t e r s i n t e r i n g 5 minutes a t 55OoC. I n v e s t i g a t i o n s a r e underway i n o r d e r t o lower t h e s p e c i f i c c o n t a c t r e s i s t a n c e by optimizing the film thicknesses, anneal temperature and duration.
SURFACE FXAMINATION The s u r f a c e s of t h e s e c o n t a c t s b e f o r e and a f t e r s i n t e r i n g were examined w i t h a n o p t i c a l phase contrast microscope and with a scanning electron microscope (SEM). A t magnifications up 1000 on t h e o p t i c a l m i c r o s c o p e and up t o 8000 on t h e SEM the contacts appear smooth and continuous. No evidence of phase segregation or other surface s t r u c t u r e a r e a p p a r e n t on t h e s i n t e r e d c o n t a c t s . INTERFACE STUDIES
I n t e r d i f f u s i o n a t t h e Ge-GaAs and NifGe-GaAs i n t e r f a c e s was examined by AES s p u t t e r p r o f i l i n g techniques. Figure  2 shows t h e d i s t r i b u t i o n of Ge, Ga, and As a t t h e Ge/GaAs i n t e r f a c e a f t e r s i n t e r i n g a t 45OoC f o r 30 minutes. A very sharp p r o f i l e i s observed, showing very l i t t l e i n t e r d i ffusion between Ge and G a A s i n t h e a b s e n c e of a m e t a l o v e r l a y e r , e v e n a f t e r s i n t e r i n g .
The AES p r o f i l e o f t h e Ge/GaAs i n t e r f a c e p r i o r t o s i n t e r i n g i s o n l y s l i g h t l y more abrupt. Figure  3 shows t h e AES p r o f i l e a t t h e Ni/Ge-GaAs i n t e r f a c e a f t e r s i n t e r i n g a t 45OoC f o r 30 m i n u t e s . I n t e r d i f f u s i o n between N i , Ge and GaAs i s shown with Ge migrating w e l l i n t o t h e G a A s s u b s t r a t e . The deeper penetrat i o n of Ge compared t o t h e N i c a n r e s u l t i n t h e formation of an n+ l a y e r a t t h e Ni-Ge-GaAs i n t e rface, provided that Ge a c t s a s a donor a t t h e ntype GaAs i n t e r f a c e .
+
To f u r t h e r examine t h e p o s s i b l e p r e s e n c e of an n Ge-doped l a y e r a t t h e Ni/Ge-GaAs i n t e r f a c e , t h e N i -G e c o n t a c t was formed as described a ove on ptype GaAs doped with Zn t o 4 -7~1 0~~ cm-$. Ohmic contact was made t o t h e GaAs by depositing 1000 2 N i a t two i s o l a t e d l o c a t i o n s on t h e sample. Sint e r i n g of both types of contacts (the N i / G e and Ni) was c a r r i e d o u t i n vacuum a t 55OoC f o r 5 minutes. The I-V c h a r a c t e r i s t i c s between t h e N i c o n t a c t s confirmed that these contacts were ohmic, a s e v idenced by linear behavior over several orders of magnitude of c u r r e n t . The I-V c h a r a c t e r i s t i c s between t h e N i ohmic contact and the Ni/Ge contact was found t o b e t h a t of a p-n j u n c t i o n formed on a p-type semiconductor.
The above behavior i s expected from an n+ l a y e r a t t h e Ni/Ge-GaAs i n t e rface. These characteristics,together w i t h t h e AES p r o f i l e s shown i n F i g u r e 3, i n d i c a t e t h a t Ge dif-+ f u s e s i n t o t h e GaAs s u b s t r a t e and r e s u l t s i n a n n l a y e r n e c e s s a r y f o r a t t a i n i n g a low s p e c i f i c cont a c t r e s i s t a n c e .
SUMMARY
W e have shown i t i s p o s s i b l e t o form smooth and continuous ohmic c o n t a c t s t o n -t y p e G a A s using a n e p i t a x i a l germanium film followed by a n i c k e l overlayer. The ohmic contact forms during sintering by solid phase diffusion, without the presence of a liquid phase.
The r e l a t i v e l y h i g h temperat u r e s and long sintering times r e q u i r e d t o o b t a i n low s p e c i f i c c o n t a c t r e s i s t a n c e s u g g e s t t h a t t h e s e c o n t a c t s may f i n d h i g h r e l i a b i l i t y and high temp e r a t u r e d e v i c e a p p l i c a t i o n s .
W e a r e p r e s e n t l y experimenting with tantalum and other metal overl a y e r s w i t h v a r i o u s germanium/metal overlayer t h i c k n e s s e s w i t h t h e s e a p p l i c a t i o n s i n mind. AES s p u t t e r p r o f i l e s of t h e ohmic c o n t a c t i n t e r f a c e r e v e a l s enhanced d i f f u s i o n of germanium i n t o G a A s a f t e r s i n t e r i n g , b u t o n l y i n t h e p r e s e n c e of t h e nickel overlayer. This deeper migration of germanium, beyond t h e t o t a l n i c k e l p e n e t r a t i o n , t o g e t h e r w i t h t h e f a c t t h a t a p-n j u n c t i o n is crea t e d when t h e N i / G e c o n t a c t i s made on p-type GaAs, i n d i c a t e s t h a t germanium i s t h o s p e c i e r e s p o n s i b l e f o r o b t a i n i n g a highly doped n l a y e r a t t h e contact-GaAs i n t e r f a c e . Fig. 3 . AES s p u t t e r p r o f i l e of a Ni/GeGaAs i n t e r f a c e a f t e r s i n t e r i n g i n vacuum a t 45OoC f o r 30 minutes showing deep p e n e t r a t i o n of Ge i n t o GaAs i n t h e p r e s e n c e of a N i overlayer. Fig. 2 . AES s p u t t e r p r o f i l e of a Ge-GaAs i n t e r f a c e a f t e r s i n t e r i n g i n vacuum at 450°C f o r 30 minutes showing l i t t l e p e n e t r a t i o n of Ge i n t o GaAs i n t h e a b s e n c e of a metal overlayer.
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